The fact that metal-binding proteins are a consequence of elevated metal concentration in organisms is well known. What has been overlooked is that the presence of these proteins provides a unique opportunity to reformulate the criteria of metal pollution. The detoxification effect of metal-binding proteins in animals from polluted areas has been cited, but there have been only very few studies relating metal-binding proteins to pollution. This lack is due partly to the design of most experiments, which were aimed at isolation of metal-binding proteins and hence were of too short duration to allow for correlation to adverse physiological effects on the organism.
Introduction
Metal-binding proteins such as metallothioneins (MT) were originally isolated and characterized from equine kidney (1) and have extensively been studied in mammals (2) . There is very little information available on MT in the other zoological groups, particularly in the invertebrates (3) . The available information consists mainly of descriptions of the isolation of these proteins.
So far very little use has been made of these unique, relatively low molecular weight compounds. It has been suggested (4) that metal-binding proteins could be used to study cadmium resistance cells, but only recently have the properties of MT been used at all, in this case, as a promoter to control and induce gene activity (5) (6) (7) .
The fact that metal-binding proteins are formed as the result of elevated metal concentrations in organisms has been well known for many years. What has been overlooked is the unique opportunity that MTs afford to reformulate the criteria for metal pollution. The detoxification effect of MT in animals from polluted areas has been mentioned (8) (9) (10) (11) , but only three studies relating metal-binding proteins to pollution have been published *National Research Institute for Oceanology, Stellenbosch, South Africa. (12) (13) (14) . This lack is partly due to the design of most experiments which have been aimed at the isolation of proteins. Such experiments are performed for short time periods only and under severe metal toxic conditions. Little attention has been paid to adverse physiological effects on the organism by low metal concentrations and the production of metal-binding proteins. In humans, changes in toxic elements in blood serum or whole blood (15) were found to be sufficiently different to be of diagnostic significance. In invertebrates, an equation was derived (16) that correlates shifts in copper metabolism with adverse effects on the growth of crab larvae.
In this study, metal-binding proteins have been isolated from different marine animals that were kept under identical enriched conditions, so that differences in method and seasons were eliminated. The animals used differed in many aspects, e.g., different phyla, size, mass, age, behavior, food, and life stages. As expected, they also accumulated metals at different rates (see Hennig, manuscript in preparation). Furthermore, a physiological effect, e.g., abnormal moulting in crustacea, has been demonstrated in the absence of metal accumulation but in the presence of metal-binding proteins.
These findings were tested under field conditions, e.g., the whelk Bullia digitalis and metal-enriched grass, and a new definition of pollution is proposed.
Material and Methods

Accumulation of Metals in Organisms
Jasus lalandii (rock lobster) was used in two separate experments. Two adults were kept in each of twelve 10-dm3 aquaria at 15 + 10C and dosed with industrial effuent. Details of the procedure are given elsewhere (17) .
Juvenile rock lobsters (J. talandii), hermit crabs (Diogenes brevirostris), sandshrimp (Palaemon pacificus), black mussels (Choromytilus meridionalis), and limpets (Patella granularis) were kept in an open system containing one-week-old seawater and solutions of cupric sulfate and zinc chloride. This was dispersed at a rate of 0.2 dm3/hr in discrete portions, by means of a modified Mount and Brungs diluter (Hennig, manuscript in preparation). The resulting mixture from the diluter was monitored daily for metals and contained 15 ,uM/dm3 zinc and 16 ,uM/dm copper.
The field studies concentrated on the whelk Bullia digitalis which was collected at Koeberg, South Africa. These whelks have an unexplained high cadmium concentration (18) .
"Kikuyu" grass (Cornisetum clandestinum) was obtained from CSIR Water Research Bellville, South Africa. This grass was dosed with 320 t/ha dried sewage sludge and came from site A54.
tions by direct aspiration into the flame of an atomic absorption spectrophotometer (detection limits: Cd = 0.006 ,ug/mL; Cu = 0.050 pig/mL; Zn = 0.009 ,ug/mL). The absorbance of each fraction at 280 nm was monitored with a rapid sampling I.S.C.O. absorbance monitor, and absorbance at 250 nm and 280 nm was measured using a Beckman spectrophotometer with slit width 0.5 mm and path length 10 mm.
Fractions emerging at the elution volume of 10,000 to 12,000 daltons (peak II) were pooled and freeze-dried.
Protein Purification
The freeze-dried material was dissolved in 1 mL of 20 mM Tris buffer and applied to a DEAE-Sephadex A-25 column (0.8 x 14 cm). The column was washed with 100 mL equilibration buffer, and the freeze-dried material was applied. This was then eluted with a linear gradient of Tris buffer, 250 mL each of 20 mM and 600 mM at a pH of 8.6. Fractions (5 mL) were monitored for absorbance at 280 nm and for cadmium, copper, and zinc by atomic absorption spectrometry. The fractions from the metal peaks were pooled separately, scanned from 320 nm to 220 nm, and freeze-dried.
The amino acid analyses were carried out in a Beckman automatic amino acid analyzer (Model 119) on samples
Metal Determination of Organisms
After digestion of the organisms, the residues were analyzed by flame atomic absorption spectroscopy using standard conditions (19) . Background correction was used for those elements with resonance lines of wavelength shorter than 280 nm. After the accumulation experiments, the organisms were frozen (-10°C) in plastic bags.
Background metal concentrations were determined for the animals used in the above experiments (Hennig, manuscript in preparation). 
Results
Metal Accumulation
No difference in metal concentrations could be detected by the digestion method either in the digestive gland or tail meat of dosed crayfish. Zinc and copper levels were elevated in dosed hermit crabs. Zinc concentration was found to be particularly high.
The metal concentration of both copper and zinc were found to be higher in the dosed sandshrimps than in the control animals. The dosed mussels seemed to show only an elevated zinc level; all other measured metals were found to be well within the background levels.
Limpets kept in enriched media accumulated more copper and zinc than did the control animals. It should, however, be noted that zinc levels in limpets from the field (Koeberg) were very much higher than those from other locations (Hennig, manuscript in preparation). The zincenriched limpets from the experiment had just started to accumulate metals during the study time (60 days). In summary, the digestion method for metal determination in animals kept under identical conditions thus showed: no accumulation of metals in crayfish; very much elevated zinc levels and raised copper levels in hermit crabs; raised zinc and copper levels in shrimps and limpets; and only elevated zinc levels in mussels. Bullia from the field (Koeberg) were compared with whelks from two other regions and were found to contain elevated cadmium and zinc levels. Copper and strontium concentrations could also be higher in the Koeberg animals.
Grass was grown for 8 and zinc (control = 91 ± 8 ,ug/g dry), while the level of iron (control = 238 ± 23 ,g/g dry) showed no deviation from that in untreated grass.
Column Chromatography
Typical Sephadex G-75 elution profiles obtained with supernatant material from crayfish digestive gland are shown in Figure 2 . Two metal peaks could be identified. chromatography of supernatant fractions from crayfish (Jasus lalandii) tail meat.
METAL-BINDING PROTEINS AS POLLUTION INDICATORS
The high molecular weight protein peak (I) contains both copper and zinc, while the metal-binding peak (low molecular weight protein) contains mainly copper. The elution proffles obtained from crayfish tail meat are shown in Figure 3 . Only a metal peak associated with high molecular weight material (Peak I) was present.
In Figure 4 the elution proffles obtained from hermit crabs are shown. High molecular weight material was found (peak I), and a peak of metal-binding protein (peak II) containing copper and zinc was eluted.
The supernatant fractions of ten shrimps were eluted. A typical profile is shown in Figure 5 . The absorbance is a function of the protein concentration and in this case not much material was available hence the absorbance at 280 nm was small. One high molecular weight peak (peak I) and two low molecular weight peaks (peaks II) were observed. The elution profiles obtained for black mussels are shown in Figure 6 . Three peaks were obtained: peak I (higher molecular weight material), peak II (metal-binding low molecular material), and peak III (very small molecular weight fractions.). Only zinc was found to be bound to any protein. The supernatant material of limpets eluted is shown in Figure 7 . Two peaks containing zinc were found; the high molecular weight material (peak I) also contains copper. The material from the field studies are shown in Figure 8 for Bullia and Figure 9 for grass. In the case of Bullia, a high (peak I) and very small (peak III) protein peak was observed. The metal-binding protein peak (peak II) contained all the cadmium and some copper. In the grass, all the copper was associated with the higher protein fraction (peak I), but separate low molecular weight zinc peaks (peaks II and III) were isolated.
The ultraviolet absorption spectrum for the DEAE- Sephadex A-25 column solutions for crayfish digestive gland is shown in Figure lOa . The absorbance of the material is dependent on the concentration of the protein and hence is therefore relative. Ultraviolet absorption spectra of the other materials-hermit crab (Fig. lOb) , sandshrimp (Fig. lOc) , black mussel (Fig.  lOd) , and limpet (Fig. lOe) -are also shown. The absorption characteristics of the field samples are shown for the cadmium peak (peak II) of Bullia (Fig.  lla) and for the zinc peak (peak III) of Bullia (Fig. llb) , while Figure 12 shows the grass peak (peak III).
The results presented here for two different experi- ments, five different animals, and two field organisms have been simplified in Table 1 , to make comparison easier. For instance, no metal was found to have accumulated in crayfish digestive gland, but metal-binding proteins were isolated. In hermit crabs, the digestion method suggested very high levels of zinc, but only very low levels of metal-binding protein was found. In shrimps, the digestion method showed slightly greater copper and zinc concentrations, but a very much higher level of zinc metal-binding protein level was found. In mussel, the higher zinc levels were confirmed by the isolation of metal-binding proteins. In limpets, the diges- tion method showed raised metal levels of copper and zinc, but metal-binding proteins for only zinc were isolated.
In Bullia, the high levels of cadmium determined by the digestion method were not reflected in the quantities of metal-binding proteins isolated, but copper-and zincbinding proteins were present.
In the grass exposed to sludge, the following results were obtained by the digestion method: the cadmium level in grass exposed to sludge was five times that in the control: the copper level in sludge enriched grass was twice that in the control; and the zinc level in sludge enriched grass was three times that in the control. Al- though all three metal concentrations were elevated, only zinc-binding proteins were found.
Discussion and Conclusions
Until now, metal determination in biological systems has been based on the acid digestion method. This method has been employed in the "Mussel Watch Programme" (20) , and in many other baseline studies (Hennig, manuscript in preparation). It has been shown that this approach has many drawbacks (21-24); for instance, differences in phyla, size, mass, age, food, and life stages 2,0 1,5 1,0 0,S have usually been ignored. Some of these flaws can be overcome by sampling metal indicator species or organisms. This could be acceptable for baseline studies, although extrapolating should be avoided (24) . For a pollution study the digestion method of metal determination is totally inadequate. For such a study the following questions are of major importance: (1) Is an organism under stress even although no metal accumulation can be measured? (2) Suppose metal accumulation can be detected, does it influence the normal physiology or behavior of the organism in any way?
In order to be able to answer the first question, a soned; (f) the condition of (e) continues until the death of the organisms. The first two steps (a) and (b) could be due to variations within the same species; hence "deviation from the normal" starts with the third step (c). It is proposed that the production of a protein not specifically geared to growth or reproduction, as is the case of metal-binding protein, constitutes a significant "deviation from the normal" and is therefore a powerful indicator of pollution.
So far it has been difficult to link pollution and the presence of metal-binding proteins or MT. At low pollution levels some physiological change or effect of pollution had to be found. In this study it has been shown that no metal accumulation in crayfish could be detected by digestion method, but Hennig has shown that these crayfish moulted out of season and, furthermore, metal-binding proteins were found in these animals. This established the link between the presence of metal-binding protein in an organism which showed no detectable metal accumulation but showed obvious pollution symptoms. If the above argument holds, the assessment of metal pollution may be simplified to: "The presence of metal binding proteins confirms toxic pollution" If this criterion is then applied to the other organisms in this study, the following conclusions can be drawn for identical environmental conditions (Cu, 16 M/dm3; Zn, 15 M/dm3). In crayfish, copper had reached pollution levels while the animals could detoxify zinc at this level. These conclusions could not have been drawn from the determination of metals by the acid digestion method. The determination of metals in hermit crabs suggested toxic levels for zinc. This cannot be confirmed by the relative amounts of metalbinding proteins. Shrimp showed considerably higher toxic zinc levels by metal-binding protein than was to be expected by the digestion method. Both methods confirmed toxic pollution by zinc in mussels. Limpets accu- mulated copper and zinc but only the zinc was shown to be toxic. In the whelk Bullia, analysis of the metal-binding protein showed toxic levels of both cadmium and zinc. This result was unexpected, but it suggests the possibility that intracellular zinc accumulation may involve an active transport mechanism. It appeared that the cadmium exposure may have stimulated zinc transport into the soft tissues of the whelk. Similar results have been obtained by other workers (26) , and these suggest that a unique mechanism for metal uptake may exist in some marine organisms.
So far, very few reports have dealt with naturally oc- curring metal-binding protein (27) (28) (29) (30) , but it shows that this method can very well be applied to the environment. A very convincing argument for the proposed new definition of pollution can be found in the study of grass grown in sludge. Cadmium levels increased drastically and the absolute levels of copper were very high, yet no ill effect or pollution could be found. The grass was obviously able to cope with these high levels. Zinc, on the other hand, had a toxic effect.
From the evidence presented here, it is argued that metal-binding protein determinations should replace metal analyses in pollution work. This circumvents and largely eliminates differences due to animal size, mass, age, behavior, food, or life stage. Furthermore, so far only metal-binding proteins for cadmium, copper, mercury, and zinc have been reported, but that does not mean they do not exist for other metals.
The low molecular weight (Figs. 2-9 ) and absorption spectra (Figs. 10-12) , together with the amino acid compositions (Table 2 ) of the isolated metal-binding protein from the seven organisms presented here, suggest that these proteins all belong to the family of metallothioneins.
Induced metallothioneins have been isolated from a vast variety oforganisms, ranging from humans to earthworms, bacteria, and plants. It can therefore be assumed that metal-binding proteins are produced by all animals in some form or other. Fin fish, for instance, appear to be so sensitive to metals that small amounts of metalloproteins are found in so called "control" animals. Fortunately, fin fish are rarely used as metal pollution indicators organisms.
In conclusion it is hoped that the great interest and enormous effort devoted to metal determination in biological systems will be redirected to a more meaningful analysis of metal-binding protein.
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